We demonstrate a terahertz intensity modulator using a graphene supercapacitor which consists of two large-area graphene electrodes and an electrolyte medium. The mutual electrolyte gating between the graphene electrodes provides very efficient electrostatic doping with Fermi energies of 1 eV and a charge density of 8 × 10 13 cm −2 . We show that the graphene supercapacitor yields more than 50% modulation between 0.1 and 1.4 THz with operation voltages less than 3 V. The low insertion losses, high modulation depth over a broad spectrum, and the simplicity of the device structure are the key attributes of graphene supercapacitors for THz applications.
INTRODUCTION
Optical modulators play a key role in optoelectronics and communication systems. Electro-optic, acousto-optic, and thermo-optic effects are well-established mechanisms to control intensity, phase, or polarization of light in the visible and nearinfrared frequencies. Efficient control of terahertz (THz) waves, however, has been a challenge because of the lack of a THz active material [1] . Because of the high spatial resolution and nonionizing nature of THz waves, many emerging technologies require the ability to control and manipulate the intensity and phase of THz waves [2, 3] . These technologies would benefit greatly from a THz modulator that has a simple device structure with efficient modulation. Tuning the bulk materials properties, such as dielectric constant and electrical conductivity, does not generate efficient reconfigurable THz components. Recent THz research is focused on controlling THz waves using highmobility, two-dimensional electron gas or high-mobility carriers on semiconductor surfaces [1, 4] . Reverse bias voltage applied on Schottky contacts extends the depletion area under the metal-semiconductor interface that decreases the free carrier absorption. However, the metallic gate electrodes attenuate the THz waves and screen the surface charges that result in large insertion losses and limited modulation depth. Patterning the metallic gate electrodes as interconnected metamaterials eliminates some of these drawbacks. Chen et al. used interconnected split ring resonators as a gate electrode on GaAs substrates to control the depth of the depletion area under the gap of the resonator [5] . Various forms of metamaterial THz modulators have been demonstrated [6] . Requirements of the high-resolution photolithography process for large active device area and narrow spectral window hinder the realization of efficient THz modulators.
Graphene and other two-dimensional (2D) crystals provide new opportunities for THz technologies [7] [8] [9] [10] [11] . Atomic thickness and very large carrier mobility, together with the tunable optical properties, create a unique combination for active THz components. Since the thickness of 2D crystals (∼0.3 nm) is much thinner than the wavelengths of the THz waves, there is no bulk material that can effectively introduce large insertion losses. The THz response of the 2D crystals solely originates from high-mobility carriers which can be tuned by electrostatic doping. Particularly, graphene-based active THz devices have raised great interest in the last few years. The charge density in graphene can be tuned between 10 12 and 10 14 cm −2 , which could yield efficient THz modulators with a wide dynamic range. Sensale-Rodriguez et al. reported a graphene-based THz modulator using a back-gated transistor structure. In their device, THz-transparent Si substrate operates as a back-gate electrode [12] . Using a graphene-dielectric-Si capacitor structure, the conductivity of graphene was modified by applying voltage between the Si back-gate and graphene. They further demonstrated individual and arrays of reflection and transmission-type THz modulators using back-gated device geometry [13] [14] [15] . The dynamic range of the back-gated device structure is limited by the electrical breakdown of the gate dielectric. Another approach is based on tuning the plasmon oscillations on structured graphene [16] [17] [18] . The frequency of plasmon oscillations on graphene ribbons can be tuned by the ribbon width and the charge density. Integrating graphene with metamaterials can yield another design parameter to improve the modulation depth; however, it narrows the spectral window. It has been predicted that grapheme-based modulators can create a modulation depth of >90% [11] . However, because of the limited charge modulation with dielectric capacitors (<10 13 cm −2 ), the full potential of graphene for THz technologies has yet to be achieved.
Recently, we have discovered that the supercapacitor geometry provides a very efficient device structure to control and manipulate optical properties of single-layer and multilayer graphene electrodes [19] . Using graphene supercapacitors, we fabricated optical modulators [19] , electrochromic devices [20] , tunable saturable absorbers [21] , and radar absorbing surfaces [22] operating in visible, near-infrared, and microwave frequencies. Now, we would like to study the THz response of these graphene supercapacitors. In this paper, we demonstrate a simple, yet very efficient, broadband THz modulator using graphene supercapacitors.
The device consists of two large-area graphene electrodes transferred onto THz transparent substrates with ionic liquid electrolytes between them. Figure 1(a) shows the schematic drawing of the device layout. In this device geometry, there is no need for a metallic gate electrode which could introduce large insertion losses. Two graphene electrodes provide mutual gating. The bias voltage applied between graphene electrodes polarizes the electrolytes and yields efficient electrostatic doping on the graphene electrodes. The optical properties of graphene change with the doping [23] [24] [25] .
Figure 1(b) shows the schematic band structure of doped graphene. There are two main electronic transitions that characterize the tunable optical response. The vertical interband electronic transition can be blocked via Pauli blocking when the Fermi energy is larger than the half of the photon energy. In supercapacitor configuration, the efficient gating of ionic liquid electrolyte and low electronic density of the states of graphene enable us to shift the Fermi energy in the order of one electron volt which modulates optical transmittance in the visible spectrum. In addition to the interband transitions, shifting the Fermi energy modifies the rate of intraband electronic transition because of the change in the electronic density of states [12] . These interband and intraband electronic transitions yield broadband absorption. We calculated the optical absorption of graphene using the transmission line model which provides an intuitive picture to understand the spectral response of our device [26] . The inset in Fig. 1(c) shows the equivalent transmission line model for single-layer graphene.
The graphene layer can be modeled as a thin film with thickness of L (∼0.3 nm) with a dynamic optical conductivity of σω σ intra σ inter ;
where σ intra and σ inter represent the optical conductivity because of intraband and interband transitions, respectively. The reflection (R) and transmission (T ) coefficients can be written as [26] 
where j is the imaginary number, and Z 0 represents characteristic impedance of the free space:
Z G is the characteristic impedance of the graphene layer:
Here, k is the complex wave vector of the THz wave. Figure 1(d) shows the calculated absorption of single-layer graphene, from THz to visible spectra. In the THz regime, the absorption is because of intraband transition, where graphene behaves as a tunable Drude metal with a frequency-dependent optical conductivity of
where σ DC is the conductivity of graphene, ω is the frequency, and τ is the mean scattering time of graphene electrodes. For the calculation, we used a scattering time of 200 fs which yields a cutoff frequency of 5 THz. In the optical frequencies, the intraband contribution diminishes because of a large momentum mismatch, resulting in a constant optical conductivity of e 2 ∕4 because of the interband transitions. Figure 1 (e) shows the variation of reflection, transmission, and absorption of graphene at 1 THz with sheet resistance from 0.1 Ω/sq to 100 kΩ/ sq. By tuning the sheet resistance of the graphene layer, the absorption can be altered from 40 down to 5% [ Fig. 1(e) ].
The maximum THz absorption can be achieved when the characteristic impedance of graphene is matched to the free space impedance. The shaded area in Fig. 1(e) shows the experimentally accessible sheet resistance of CVD-grown graphene [27] . We fabricated the THz modulators using CVD-grown, largearea graphene layers. We used a chemical vapor deposition system to synthesize the large-area (2 × 2 cm) graphene samples on ultra-smooth copper foil substrates (Mitsui Mining and Smelting Company, Ltd., B1-SBS, 100 nm surface roughness). The oxide layer on the foils was removed by a hydrogen flow during the annealing step. The graphene was synthesized at 1035°C using 40 sccm CH 4 and 80 sccm H 2 gases. After 20 min of growth time, the samples were cooled to the room temperature with the natural cooling rate of the furnace (20°C/min). After the growth, we coated the samples by drop casting thick Shipley 1813 photoresist which functions as a mechanical support for the transfer process. After etching the copper foils in an FeCl 3 solution, the photoresist layer with graphene was transferred onto a quartz wafer. Reflowing the photoresist layer at 110°C on a quartz wafer results in conformal coating of graphene on the fused quartz surface. We attached two graphene-coated quartz wafers with a 25 μm thick spacer, and filled the gap with ionic liquid electrolyte (Diethylmethyl(2-methoxyethyl) ammonium bis(trifluoromethylsulfonyl)imide, [deme][Tf2N]). The inset in Fig. 2(a) shows the fabricated THz modulator.
OPTICAL AND ELECTRICAL CHARACTERIZATIONS OF GRAPHENE DEVICE
Fermi energy (E F ) of graphene is the primary parameter to describe the doping level. To extract the Fermi energy, we measured optical transmittance in the visible and near-infrared wavelength. The electrolyte gating yields Fermi energies on the order of 1 eV, which results in the blocking of interband transition in the near-infrared regime. The variation of the optical transmittance of the device with the bias voltage is shown in Fig. 2(a) . The modulation of the transmittance shows a steplike function with a cutoff wavelength of 2E F . As the bias voltage increases, the cutoff wavelength shifts to the higher energies. Since there are two graphene electrodes with slightly different charge neutral points (Dirac point), we observe two steps in the transmittance spectra associated with each graphene layer. Fig. 2(c) ]. Unlike a dielectric capacitor, in supercapacitors, both resistance of the electrodes and capacitance of the device change with the bias voltage. The calculated charge density on graphene is plotted against the bias voltage. At a bias voltage of −3 V, the charge density increases up to 8 × 10 13 cm −2 with Fermi energy of 1 eV. In Fig. 2(d) , we plotted the total charge density as where n 0 1.9 × 10 12 cm −2 is the estimated unintentional doping, and n g is the gate induced charges. To ensure the correct charge densities, we used measured Fermi energy and capacitance of the device. The solid line in Fig. 2(d) is calculated using the measured capacitance of the device, whereas the scattered point is calculated from the measured Fermi energy
where ν F is the Fermi velocity and n is the charge density.
BROADBAND THZ BEAM MODULATION USING GRAPHENE SUPERCAPACITORS
Then we measured the THz response of the fabricated modulator. We used conventional time domain THz spectroscopy to measure the modulation of the intensity of transmitted THz signal. A Ti:Al 2 O 3 mode-locked laser output with an average power of 200 mW, a repetition rate of 75 MHz, and a pulse width of 15 fs is used to drive the THz-TDS system. An ACbiased (30 Vpp, 1 KHz) photoconductive antenna is used for the generation of the THz pulses. The THz beam is collected and collimated by an off-axis parabolic mirror and then focused to a ∼8 mm spot size at the sample with the aid of a TPX lens (D 50 mm, F#2). After passing through the sample, the beam is collected by an identical lens and then focused by another off-axis parabolic mirror onto the detector crystal (h110i ZnTe) which allows it to be sampled using the electro-optic detection method. The entire THz beam path is enclosed in a box allowing it to be purged with dry nitrogen during the measurements. Figure 3(a) shows the time-varying electric field of the THz pulse recorded with the THz-TDS system. To remove the substrate effects, we fabricated an identical test device without the graphene electrodes. The reference signal is recorded using this test device. We measured the transmitted THz-pulse through the graphene supercapacitor at different bias voltages. Figure 3(b) shows the modulation of the maximum electric field which is normalized by the reference signal. The normalized transmitted electric field decreases with the bias voltage from 0.87 down to 0.61 at a bias voltage of −2.5 V.
The asymmetry in the modulation is because of the hysteresis caused by the shift in the Dirac point. Small leakage current induces unintentional doping on graphene which shifts the Dirac point. By performing Fourier analysis, we obtained the spectral amplitude and phase of the transmitted signal [ Fig. 3(c) ]. We observed clear Fabry-Perot resonances with a period of ∼0.12 THz. These Fabry-Perot resonances originate from the parallel quartz surfaces. The amplitude of the transmitted signal is modulated by around 55% in broad spectra from 0.1 to 1.4 THz which is limited by the transparency of the quartz substrate. The modulation of the transmittance at 0.6 THz is shown in Fig. 3(d) .
Because of the material cost and requirement of highresolution lithography, fabrication of large-area THz modulators has been a challenge. The simplicity of our device structure allows us to fabricate a very large-area broadband THz modulator. To demonstrate the promise of our approach, we synthesized large-area 7 × 7 cm graphene, and then we laminated flexible 125 μm thick PVC (polyvinyl chloride) substrate on a graphene-coated surface of the foil at 120°C. Etching the copper foil yields large-area crack-free graphene on a THztransparent and flexible PVC substrate. The PVC substrate is THz transparent between 0.1 and 1.7 THz. Figure 4(a) shows the fabricated large-area THz modulator. During the etching process, we covered the edges of the sample and left thin copper strips which function as metal electrodes. First, we measured the variation of the capacitance of the device with the bias voltage [ Fig. 4(b) ]. The total capacitance varies between 70 μF at −3 V down to 10 μF at 0 V. This corresponds to capacitance per unit area of 3 μF∕cm 2 . As the area of the device increases, the total capacitance of the modulator increases which limits the cutoff frequency. To quantify the cutoff frequency, we fabricated various THz modulators and measured their frequency-dependent capacitance [ Fig. 4(c) ]. Figure 4(d) shows the variation of the extracted cutoff frequency with the device area. We observed that the cutoff frequency is inversely proportional with the device area. Figure 4 (e) shows the modulation of the THz signal. The performance of the device is similar to the one based on a quartz substrate with lower insertion loss. Unlike the quartz, the two flexible PVC substrates are not flat enough to support Fabry-Perot resonances Fig. 4(f ) .
Insertion loss and modulation depth are the two important parameters for THz modulators. In Fig. 5(a) we show the intrinsic insertion loss resulting from the two graphene electrodes and the total insertion loss of the graphene supercapacitor, including a quartz substrate for a frequency range from 0.1 to 1.4 THz. The intrinsic insertion loss is around 0.7 dB. In Fig. 5(b) , we compare our device performance with the THz modulators reported in the literature [6, [28] [29] [30] [31] . Our device shows a maximum modulation of 62% and an intrinsic loss of 0.7 dB. This combination provides a clear advantage over the previous modulators. In addition, our device provides the largest reported spectral window.
CONCLUSIONS
In conclusion, we demonstrated a THz intensity modulator using large-area graphene supercapacitors. We fabricated the graphene supercapacitors using CVD-grown graphene layers and ionic liquid electrolyte. The supercapacitor structure provides efficient mutual gating between two graphene electrodes. With this simple device structure, we were able to modulate the intensity of THz waves with a modulation depth of 50% between 0.1 and 1.4 THz with operation voltages less than 3 V. This device can operate as a reflection type modulator as well.
Furthermore, we demonstrated a very large area 7 × 7 cm THz modulator on a flexible substrate. The low insertion loss, the simplicity of the device structure, and polarization independent device performance are the key attributes of graphene supercapacitors for THz applications. Another interesting aspect of this device is that the graphene supercapacitor is active in a very broad spectrum, ranging from visible to THz frequencies. The slow response time and the requirement of liquid electrolyte are the drawbacks of our approach. 
